Assessments of temporal variation in stable carbon and nitrogen ratios were used to examine seasonal trends of the water column and benthic food webs in the Mondego estuary (Portugal). There was a marked seasonality in weather and water column conditions, including nutrient supply and chlorophyll concentrations. In spite of the pronounced environmental changes, we found little evidence of seasonal variation in d 
Introduction
Increased anthropogenic delivery of nutrients to water bodies, both freshwater and estuarine, has caused detrimental changes in habitat, food web structure, and nutrient cycling (Valiela et al., 1997; Cole et al., 2004) . The resulting eutrophication has many adverse effects within the estuaries (D'Avanzo et al., 1996; Hauxwell et al., 2003) . Increased N loading can lead to the loss of important estuarine habitats such as seagrass meadows (Hauxwell et al., 2003) . Eutrophic estuaries can also suffer from hypoxia and anoxia (Zimmerman and Canuel, 2000) , and phytoplankton and macroalgal blooms (Hauxwell et al., 2003) .
To better understand management of water quality, it is important to know the sources, as well as the amount of inputs of the nutrient limiting production. In the Mondego estuary, as in most estuarine ecosystems, there is evidence that at least for macroalgal growth, nitrogen is the limiting factor (Teichberg et al., submitted for publication). d 15 N has proven useful as a tracer of the major source of nitrogen entering coastal waters. Joint use of d 15 N and d 13 C has further shown promise as a tool that helps to explain how the external N sources, as well as the C sources, move up into estuarine food webs. Application of these isotopic ratios has largely remained an item of research rather than a management tool (Peterson and Fry, 1987; Cole et al., 2004) . The practical utility of stable-isotopic ratios to some degree depends on the relative sensitivity of d 15 N and d 13 C to seasonal variation.
Stable-isotopic N ratios might, in addition, change with increased temperatures as we might find seasonally, but also as might be forced by global atmospheric warming. Microbial processes such as denitrification are strongly affected by temperatures (Valiela, 1995) , and higher denitrification could result in notable fractionation of d 15 N. This indirect linkage could furnish heavier N that is taken up by producers. Some studies reported that d 15 N and d 13 C of producers showed seasonal variation Richard, 1996, 1997; Fourqurean et al., 1997; Kang et al., 1999; Adin and Riera, 2003; Machás et al., 2003; Riera and Hubas, 2003; Pruell et al., 2006) , while others did not (McClelland and Valiela, 1998; Cole et al., 2004) . Similarly, some studies showed variation in consumers (Goering et al., 1990; Richard, 1996, 1997; Buskey et al., 1999; Kang et al., 1999; Carman and Fry, 2002; Kibirige et al., 2002; Moens et al., 2002; Adin and Riera, 2003; Machás et al., 2003; Riera and Hubas, 2003; Mazzola, 2003, 2005) , and others did not (Goering et al., 1990) . Knowledge of seasonal variation in stable-isotopic ratios is important as a reflection of biogeochemical and ecological processes, as well as in regard to sampling schedules and expected variability for applied monitoring schedules. In this paper, we examine the seasonal variation in N and C stable-isotopic ratios of producers and consumers within the food web of the Mondego estuary, and compare the changes in ratios in organisms to the seasonal changes in temperature, precipitation, dissolved nutrients, and in phytoplankton chlorophyll we measured in the Mondego ecosystem. This comparison aims to discern the degree to which seasonally varying driving factors might be manifest in the isotopic ratios of the food web, as well as identify the components of the food web that might be reasonably reliable indicators of changes in nutrient enrichment and warming.
Methods

Study site
The Mondego estuary is a relatively small (1600 ha), warmtemperate, polyhaline, intertidal system located on the Atlantic coast of Portugal, and consists of two arms, north and south (Fig. 1) . The southern arm is characterised by large areas of intertidal mudflats (almost 75% of the area) exposed during low tide. The system receives agricultural runoff from 15,000 ha of upstream cultivated land (mainly rice fields) and supports a substantial population, industrial activities, salt-works, and aquaculture farms, and is also the location of the Figueira da Foz city harbour, which constitutes a tourism centre. All these activities have imposed a strong anthropogenic impact. A mixture of inputs from sewage effluent, agricultural runoff, as well as releases from maricultural activity contributes to the nutrient loads entering the Mondego estuary.
In the early 1990s, the southern arm was almost silted up in the upstream areas, causing the river discharge to flow essentially through the northern arm. Consequently, the water circulation in the southern arm became mostly dependent on the tides and on the small freshwater input from a tributary, the Pranto River, artificially controlled by a sluice (Marques et al., 2003) . In 1990 In -1992 , the communication between the two arms of the estuary became totally interrupted in the upstream area due to the completion of stonewalls in the northern arm banks. Following this interruption, the ecological conditions in the southern arm suffered a rapid deterioration. The combined effect of an increased water residence time and of nutrient concentrations became major driving forces behind the occurrence of seasonal blooms of Ulva sp. and a concomitant severe reduction of the area occupied by Zostera noltii beds, previously the richest habitat in terms of productivity and biodiversity (Marques et al., 1997 (Marques et al., , 2003 . The shift in benthic primary producers affected the structure and functioning of the biological communities, and through time such modifications started inducing the emergence of a new selected trophic structure, which has been analysed in abundant literature (e.g. Dolbeth et al., 2003; Cardoso et al., 2004a,b; Patrício et al., 2004) .
From 1998 to 2006 several interventions were carried out to ameliorate the condition of the system, namely, by improving water circulation, which was followed by a partial recovery of the area occupied by Z. noltii and the cessation of green Ulva sp. blooms (Lillebø et al., 2005 (Lillebø et al., , 2007 .
Sample collection and preparation
To assess water quality of the Mondego waters, we collected water samples on a monthly basis at two sites (Zostera site and bare sediment site; Fig. 1 ), from November 2005 to July 2006. In a companion paper (Baeta et al., submitted for publication) we established that there were no differences in nutrients or chlorophyll concentrations in samples taken from the two sites, and so here we treat the samples as replicates. In each sample, we measured concentrations of nitrate (NO were immediately filtered (Whatman GF/F glass-fibre filter) and stored frozen at À18°C until the analysis following standard methods described in Limnologisk Metodik (1992) for (NH þ 4 ) and PO 3À 4 , and in Strickland and Parsons (1972) for NO À 3 , and nitrite NO À 2 . The phytoplankton chlorophyll a determinations were performed by filtering 0.5-1.0 l of water through Whatman GF/F glass-fibre filters (Parsons et al., 1985) . In the field and during transportation to the laboratory, samples were stored on ice and protected from light. Data on monthly precipitation and air temperature were derived from the nearby city of Coimbra (Instituto de Meteorologia, Coimbra forecast station).
We measured stable-isotopic values in components of the Mondego food web, including particulate organic matter (POM), sedimentary organic matter (SOM), meiofauna, seagrass, macroalgae, macrobenthos, zooplankton, and the fish in each of the two sites. To evaluate the seasonal variation in the isotopic values, we repeated the sampling in November (2005), and in February, May, and July (2006) at the two sites in the south arm of the estuary. Water samples for POM were collected monthly.
POM was obtained by filtering 0.5-1 l of seawater, from a depth of 0.5 m below the surface, onto precombusted (450°C, 4 h) Whatman GF/F filters (0.45 lm pore size) with a low pressure vacuum pump. Sediment samples from the upper 1 cm were collected with an acrylic corer (31 mm of diameter), and analysed for the isotopic composition. For the meiofauna, sediment samples were collected, and the top 3 cm of each sediment core was then passed through 500 lm and 38 lm sieves. Meiofauna were examined from the 38 lm fraction, and samples for isotopic analysis were composites of 50-300 individuals. Seagrass leaves and roots, and macroalgae were collected by hand and gently cleaned of epiphytic material. Macroinvertebrates were also taken manually from each site, and held in filtered sea water for 24 h to allow their guts to clear.
Zooplankton was collected by towing a Bongo net (0.5 m diameter, 200 lm mesh size) against the current for 20 min. The zooplankton samples for isotope analysis were composites of 20-200 individuals. Resident (Atherina boyeri, Pomatoschistus microps, Pomatoschistus minutus, Syngnathus abaster, Syngnathus acus) and transient (Dicentrarchus labrax, Solea solea) fish species were collected using a 2 m beam trawl, with 5 mm stretched mesh size on the cod end. The trawls were carried out during the night, at low water during spring tides, but only at the bare sediment site. These mobile taxa (fish) could easily manage the short distance between the two sites ( Fig. 1) , so it was not considered worthwhile to collect samples at the two sites. All samples were rinsed with Milli-Q water (filters with POM were rinsed with ammonium formate to remove the salts), and then freeze-dried. When dry, samples were ground (filters with POM were kept whole) into a homogenous powder using mortar and pestle, and combined to make single composite samples of each species/group per site per sampling date. Samples were then weighed, and loaded into tin capsules. Whole organisms were used in all cases except for bivalves and decapods, the shells of which were removed, and for fish, only muscle of the dorsal region was analysed. No acidification was applied to the samples to avoid alterations in the isotopic signal (Mateo et al., 2008) .
Samples were analysed using an EA-IRMS (Isoprime, Micromass, UK). Isotopic values were expressed in the d unit notation as deviations from standards (Vienna Pee Dee Belemnite for d The data were analysed using ANOVA to test the null hypothesis that there were no significant differences in either the d 15 N or d 13 C composition of each group/species among seasons (autumn, winter, spring, and summer).
Results and discussion
Seasonal ambient conditions
Weather varied substantially during the sampling period (Fig. 2) . Temperatures varied according to the season, with, on average, winter maxima around 15°C rising to 25°C in summer. In addition, during the period over which we sampled the estuary there were marked departures from average conditions. In particular, during our last sampling interval in July, very warm temperatures (near 40°C) (Fig. 2, top) were brought about by a northern incursion of an African air mass. The sampling period was also the one during which Portugal suffered a lengthy drought, relative to average long-term precipitation (Fig. 2, bottom) .
There was a marked seasonality to conditions in the water column (Fig. 3) . Nitrate concentrations were high during winter, and diminished about fourfold during the warmer months. Concentrations of NH þ 4 and PO 3À 4 were usually much lower than those of NO À 3 (Fig. 3, top) . N/P was generally above the 16:1 Redfield ratio during colder months and below it in warmer months. This suggests that throughout the winter months, P supply might have been the limiting nutrient, while during the summer, N might limit producer growth (Fig. 3, middle) . Chlorophyll a concentrations peaked in spring, perhaps drawing down nitrate concentration during warmer months (Fig. 3, bottom) .
Seasonal changes in isotopic values
We collected 45 different taxa and analysed their stable carbon and nitrogen isotopic compositions. These taxa included five primary producers, POM, sediment, 21 macroinvertebrate species, two meiofauna groups, eight fish species, and seven zooplankton taxa (Table 1) . There was a consistent lack of seasonal pattern in the isotopic values in most compartments of the Mondego ecosystem (Figs. 4  and 5) . Thirty of the 37 compartments measured showed no evidence of seasonal changes (Table 2) .
For d 13 C only the copepod Acartia tonsa showed a seasonal variation, becoming less negative in spring and summer. Buskey et al. (1999) showed that A. tonsa living over seagrass beds obtain a larger proportion of their carbon from seagrass than do nearby populations living over muddy bottoms without seagrass. In our study, during the most intense periods of the phytoplankton bloom, d 13 C values in A. tonsa became less negative, suggesting that more seagrass carbon might have been entering their diets. On the other hand, the much depleted carbon signatures for the most of the year could be due to a great contribution of terrestrial organic matter, since several studies have shown that terrestrial plants have the most depleted d 13 C signatures, around À26‰ (e.g. Vizzini and Mazzola, 2003) . The d 15 N of producers and consumers consistently lacked significant seasonal variation across most of the growing season (Table  2) , and only on one date in July did it become significantly higher (p < 0.05) in the d 15 N of producers. The stable-isotopic values of C and N in these producers and consumers therefore showed no seasonal variation. In contrast, the d 15 N of producers rapidly increased seemingly as a seasonal response to certain conditions. High nitrogen isotopic signatures found in producers in July may have resulted from seasonal changes in biogeochemical processes, such as denitrification. Denitrification is temperature dependent and takes place under anaerobic conditions. This process may lead to a loss of isotopically light 14 Table 1 .
The enrichment of d 15 N in the producers increased significantly with warmer temperatures (Fig. 6 ), as might be expected if a temperature-dependent process such as denitrification was indeed involved. It is not surprising to find that macrophyte isotopic values show seasonal changes in N supply: isotopic values of macrophyte fronds change in a matter of hours to a few days (Teichberg et al., 2007) , since their internal nitrogen pools turnover rather quickly. Nitrogen isotope ratios in two isopods also showed seasonal variation, increasing in July. Both I. chelipes and L. levii are grazers, feeding on macrophytes (Bamber, 2004) , so the increased nitrogen isotopic ratio in summer could be due to the enrichment found in the producers during this period, since complete turnover of these populations could occur in a matter of days if all individuals were equally mobile (Shafir and Field, 1980) . Accordingly, the lack of seasonal variation of d 15 N enrichment in most consumers of the Mondego food web might be related to a slower turnover of internal N pools in consumers (weeks/months) compared to pools in macrophytes (days), position of species in the food web and omnivores feeding behaviour, and also probably due to the fact that, excepting isopods, the other groups do not feed directly on fresh macrophytes. These results suggest that the seasonal variation in the various factors we measured (temperature, precipitation, nutrients, and chlorophyll) within the Mondego was not enough to change isotopic signatures in consumers. This is convenient for monitoring purposes, as it frees sampling protocols from seasonal schedules. 
